Insulin receptor substrate (IRS)-1 protein expression is markedly reduced in many insulin-resistant states, although the mechanism for this downregulation is unclear. In this study, we have investigated the early events in the insulin pathway that trigger the degradation of IRS-1. Incubation of the adipocytes with insulin induced a fast electrophoretic mobility shift of IRS-1 and a subsequent degradation of the protein. Wortmannin and rapamycin blocked this mobility shift of IRS-1, maintained the insulin-induced tyrosine phosphorylation of IRS-1, and blocked its degradation. In contrast, a glycogen synthase kinase 3 inhibitor, a mitogen-activated protein kinase/extracellular-regulated kinase inhibitor, and various protein kinase C inhibitors had no effect. Incubation with okadaic acid increased the serine/threonine phosphorylation of IRS-1 and its degradation, mimicking insulin, and its effect was prevented by the proteasome inhibitor lactacystin, as well as by rapamycin. Treatment of the cells with the tyrosine phosphatase inhibitor orthovanadate in the presence of insulin or okadaic acid partially inhibited the degradation of IRS-1. We propose that a rapamycin-dependent pathway participates as a negative regulator of IRS-1, increasing its serine/threonine phosphorylation, which triggers degradation. Thus, regulation of serine/ threonine versus tyrosine phosphorylation may modulate IRS-1 degradation, affecting insulin sensitivity.
Original Articles
I nsulin action is initiated through hormone binding to cell-surface insulin receptors, which activates the protein kinase associated with the ␤-subunit (1). Stimulation of receptor kinase activity induces tyrosine phosphorylation of a variety of endogenous substrates, including insulin receptor substrate (IRS)-1, -2, -3, and -4 (2-5), which allows them to interact with and recruit Src homology 2 (SH2)-domain-containing proteins, including phosphatidylinositol (PI) 3-kinase, Grb2/mSos, SH-PTP2 (protein tyrosine phosphatase with Src homology 2 domains), Nck, and cFyn (6) (7) (8) (9) . These events lead to activation of multiple signaling pathways required for insulin's pleiotropic action, resulting in the promotion of glucose uptake, glycogen synthesis, mitogenesis, or gene expression (10) .
Type 2 diabetes is characterized by abnormalities of insulin secretion and by insulin resistance in the major target tissues producing a diminished uptake and metabolism of glucose (11) . Although the defect in insulin-stimulated glucose disposal has been well described, the underlying molecular mechanisms are not clear. Alterations in the early steps of insulin signaling have been recognized as an important component of many insulin-resistant states (10) . Decreased insulin binding, decreased receptor kinase activity, decreased IRS-1 protein, and decreased IRS-1-associated PI 3-kinase activity have all been demonstrated in liver, muscle, and fat from ob/ob mice and other models of type 2 diabetes (12-16). IRS-1 proteins are important intracellular molecules that mediate insulin receptor tyrosine kinase signaling, and an IRS-1-related defect may be one of the causes of insulin resistance. Gene disruption of IRS-1 in mice is associated with impaired insulin-stimulated glucose disposal in vivo and glucose transport in vitro, and the residual insulin sensitivity was shown to be dependent on the presence of the alternative docking protein, IRS-2 (17) (18) (19) . We have demonstrated that IRS-1 is the main docking protein for PI 3-kinase and the associated increase in glucose uptake in normal human adipocytes (20) , which has also been demonstrated in other cell types (21) (22) (23) . Furthermore, we have shown that fat cells from subjects with type 2 diabetes, but not those with type 1 diabetes, have an impaired insulin effect and a marked reduction in the expression of IRS-1 protein, whereas IRS-2 levels remain the same (20) . In addition, decreased IRS-1 protein has been observed in various animal models of insulin resistance (13) (14) (15) (16) and in vitro models such as tumor necrosis factor-␣ treatment (24) of 3T3-L1 cells or chronic stimulation with insulin (25) (26) (27) .
The basic mechanisms for the regulation of IRS-1 protein levels are unclear. An insulin-resistant state due to defects in signal transmission has been obtained after prolonged insulin treatment of 3T3-L1 adipocytes (25) (26) (27) . This treatment induces a decrease in IRS-1 due to an enhancement of IRS-1 degradation (28, 29) mediated by the proteasome pathway (30) . In the present study, we have taken advantage of this model, which mimics the human type 2 diabetic fat cell (low
T.M. PEDERSON, D.L. KRAMER, AND C.M. RONDINONE
IRS-1 protein levels) (20) , to investigate the early events in the insulin pathway that can trigger the degradation of IRS-1 and to find ways to prevent it. We show for the first time that serine/threonine phosphorylation of IRS-1 through a rapamycindependent pathway precedes and triggers its degradation by the proteasome and that this process can be prevented by maintaining the tyrosine phosphorylation of the protein.
RESEARCH DESIGN AND METHODS
Cell culture. 3T3-L1 cells were grown and maintained as fibroblasts in Dulbecco's modified Eagle's medium (DMEM) with high glucose containing 10% fetal bovine serum (FBS) in a humidified atmosphere composed of 95% air and 5% CO 2 . They were differentiated into adipocytes by being grown in DMEM/high glucose with 10% serum, 0.4 µg/ml dexamethasone, 0.5 mmol/l isobutylmethylxanthine, and 5 µg/ml insulin. After 3 days, the media was changed and the cells were maintained with DMEM containing 10% FBS. After this process, >80% of the cells differentiated into adipocytes. Chronic insulin treatment. 3T3-L1 adipocytes (7-14 days after confluence) were incubated with DMEM 0.1% FBS with or without insulin (100 nmol/l) (Sigma) or okadaic acid (0.1 µmol/l) (Alexis Corporation, San Diego, CA) at 37°C for the various times. In some cases, lactacystin (50 µmol/l; Calbiochem, La Jolla, CA), wortmannin (1 µmol/l, Sigma), mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) (MEK) inhibitor PD98059 (50 µmol/l), H7 (50 µg/ml), rapamycin (200 nmol/l), the protein kinase C (PKC) zeta inhibitor RO 31-8220 (5 µmol/l) (Calbiochem), LiCl (30 mmol/l), or 2 mmol/l sodium orthovanadate (Sigma) was added for 30 min before the addition of insulin or okadaic acid. At the end of the chronic incubation period, cells were washed with phosphate-buffered saline and lysed. Platelet-derived growth factor (PDGF) (the B/B isoform from Boehringer Manheim) and endothelin-1 (Sigma) were added as described in the figure legends. Immunoprecipitations and immunoblotting. After chronic incubation, cells were lysed in 0.4 ml of lysis buffer containing 25 mmol/l Tris-HCl (pH 7.4), 0.5 mmol/l EGTA, 25 mmol/l NaCl, 1% Nonidet P-40, 1 mmol/l Na 3 VO 4 ,10 mmol/l NaF, 0.2 mmol/l leupeptin, 1 mmol/l benzamidine, and 0.1 mmol/l 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (Calbiochem) and rocked for 40 min at 4°C. Detergent-insoluble material was sedimented by centrifugation at 12,000g for 10 min at 4°C. Cell lysate proteins (50 µg protein) were separated by SDS-PAGE, or 100 µg of protein was immunoprecipitated for 2 h with anti-IRS-1 COOH-terminal antibodies (4 µg/ml; Upstate Biotechnology, Lake Placid, NY). Immune complexes were collected with protein A-Sepharose, washed, solubilized in Laemmli sample buffer, and separated by SDS-PAGE on 7.5% gels. Proteins were transferred from the gel to nitrocellulose sheets and blocked in 5% milk. The blots were probed with various primary antibodies as follows: anti-IRS-1 COOH-terminal, anti-IRS-2, anti-p85 (whole antiserum), anti-ERK, and 4G10 anti-phosphotyrosine antibodies (Upstate Biotechnology), anti-GLUT4 antibodies (Chemicon International, Temecula, CA), anti-phospho MAPK (Promega), anti-phospho protein kinase B (PKB), and anti-phospho p70 (New England Biolabs, Beverly, MA) according to the recommendations of the manufacturer. The proteins were detected by enhanced chemiluminescence with horseradish peroxidase-labeled secondary antibodies (Amersham). The intensity of the bands was quantitated with a laser densitometer (Molecular Dynamics). Control experiments showed that the antibodies to IRS-1 had a 90% efficiency to deplete the antigen. Phosphorylation of rat recombinant IRS-1 by cell lysates. Cells were treated with or without rapamycin for 30 min before incubation with 100 nmol/l insulin or 0.1 µmol/l okadaic acid for 3 h and lysed in 100 µl icecold 50 mmol/l Tris (pH 7.4) with 0.1 mmol/l 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF) by 15 passages through a 25-gauge needle, as previously described (30) . Lysates were centrifuged, and the supernatant fraction was adjusted to Tris 25 mmol/l (pH 7.4), EGTA 0.5 mmol/l, MgCl 2 10 mmol/l, dithiothreitol 1 mmol/l, 0.1 mg/ml bovine serum albumin, 50 µmol/l cold ATP, 2 µCi [␥-
32 P]ATP (ICN, Costa Mesa, CA) containing 1 µg rat recombinant IRS-1 (Upstate Biotechnology, Lake Placid, NY) as a substrate. The in vitro kinase assay was carried out in a final volume of 40 µl for 20 min at 30°C. The reaction was stopped by spotting an aliquot of the samples on phosphocellulose paper filters (Whatman p81, Clifton, NJ), washed in 1% (vol/vol) orthophosphoric acid, and counted in a scintillation counter or by adding 5ϫ Laemmli buffer and boiling for 5 min. Phosphoproteins were resolved by 10% SDS-PAGE, stained, and examined by autoradiography. In some cases, the phosphoproteins corresponding to IRS-1 were excised and counted on a scintillation counter.
RESULTS
Chronic insulin treatment stimulates serine/threonine phosphorylation and degradation of IRS-1 through a wortmannin and rapamycin-sensitive pathway. Chronic hyperinsulinemia induces serine/threonine phosphorylation of IRS-1 and reduces insulin signaling (30, 31) . Chronic exposure of 3T3-L1 adipocytes to insulin induced a specific reduction of the IRS-1 and GLUT4 proteins ( Fig. 1) , whereas other proteins, such as IRS-2, PI 3-kinases, and MAPKs (not shown), were unchanged, mimicking the pattern of a type 2 diabetic human fat cell (low IRS-1 and GLUT4 protein) (20) .
To further investigate the mechanisms for the downregulation of IRS-1 by insulin and determine the nature of the kinases that catalyze this reaction, 3T3-L1 adipocytes were pretreated for 30 min with various protein kinase inhibitors as indicated, and then insulin was added for various times. Insulin induced a rapid tyrosine phosphorylation of IRS-1 that was reduced after 1.5 h of treatment (Fig. 2B) (30) . Figure 2 showed that at 1.5 h, insulin induced a decrease in the electrophoretic mobility shift of IRS-1, which has been demonstrated to be caused by an increase in serine/threonine phosphorylation content ( Fig. 2A and B) (32) and a stimulation of PKB and MAPK phosphorylation. Preincubation of the cells with wortmannin blocked the mobility shift of IRS-1 by insulin ( Fig. 2A) , and this was accompanied by a preservation of the insulin-induced tyrosine phosphorylation of IRS-1 (Fig. 2B) . A positive control was performed showing tyrosine phosphorylation of IRS-1 with acute insulin treatment (Fig. 2B, upper panel) . In contrast, PD98059, a specific MEK inhibitor, and H7, a general PKC inhibitor, had no effect on the mobility shift of IRS-1 or on the tyrosine phosphorylation of IRS-1. A control Western blot verified that in 3T3-L1 adipocytes insulin was stimulating the formation of phosphorylated MAPK and PKB and that this stimulation was completely inhibited by the MEK inhibitor PD98059 and wortmannin, respectively ( Fig. 2A) . In addition, only wortmannin inhibited the degradation of the protein after prolonged treatment with insulin (Fig. 2B, lower panel) .
Several serine/threonine kinases located downstream of PI 3-kinase are candidates for the serine phosphorylation of IRS-1 and the triggering of the degradation. These include the target of rapamycin (mTOR) (33), p70 S6 kinase (34), PKB (35), atyp- 
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ical PKCs (36) , and glycogen synthase kinase 3 (GSK3) (37) . To determine whether any of these kinases could be involved in insulin-induced IRS-1 serine phosphorylation and degradation, 3T3-L1 adipocytes were incubated with different kinase inhibitors before their incubation with insulin. Preincubation of the cells with rapamycin, an inhibitor of mTOR, eliminated both the mobility shift and the degradation of the protein observed after treatment with insulin ( Fig. 3A) and preserved the insulin-induced IRS-1 tyrosine phosphorylation (Fig. 3B) , without having any effect on insulin receptor tyrosine phosphorylation (not shown). A control blot verified that insulin stimulated the phosphorylation of p70 S6 kinase and that this stimulation was completely inhibited by rapamycin. In contrast, RO 31-8220, an inhibitor of atypical PKCs (36), and lithium chloride, an inhibitor of GSK3, had no such protective effect. These findings suggest that IRS-1 serves as a substrate for an insulin-stimulated kinase whose activity triggers the phosphorylation and degradation of IRS-1 through a wortmannin-rapamycin-sensitive pathway. Serine/threonine phosphorylation of IRS-1 by okadaic acid triggers its degradation. Treatment of 3T3-L1 adipocytes or U266 cells with the serine threonine phosphatase inhibitor okadaic acid results in increased IRS-1 serine phosphorylation, reduced IRS-1-insulin receptor association, and reduced insulin receptor-dependent tyrosine phosphorylation of IRS-1 (38, 39) .
To investigate whether okadaic acid can also trigger the degradation of IRS-1, 3T3-L1 adipocytes were incubated for 18 h with this specific serine threonine phosphatase inhibitor. Okadaic acid induced a decrease in the electrophoretic mobility of IRS-1, followed by the degradation of the protein (Fig. 4A) . Interestingly, okadaic acid also stimulated the serine/threonine phosphorylation (decrease in the electrophoretic mobility) but not the degradation of IRS-2, mimicking the effect of insulin (Fig. 1) .
We have found that the insulin-induced degradation of IRS-1 is through a wortmannin-rapamycin-sensitive pathway. To determine whether the same pathway could be involved in the okadaic acid-stimulated degradation of IRS-1, 3T3-L1 cells were pretreated in the absence or presence of wortmannin or rapamycin before incubation with okadaic acid (Fig. 4B) . Interestingly, preincubation of the cells with rapamycin, but not with wortmannin, partially inhibited the degradation of IRS-1 by okadaic acid, suggesting that mTOR was involved in its pathway. Okadaic acid also increased the phosphorylation of p70 S6 kinase, and this effect was blocked by rapamycin (Fig. 4C) . Increased serine phosphorylation of IRS-1 has also been observed after treatment of the cells with activators of PKC, PDGF, or endothelin-1 or activation of cellular stress pathways (35, (39) (40) (41) . Because prior studies have indicated that PDGF and endothelin-1 increase the serine phosphorylation of IRS-1 and induce insulin resistance in adipocytes (35), we tested whether these hormones would also induce degradation of the protein. As shown in Fig. 4D , incubation of the cells for 18 h with PDGF or endothelin-1 had no effect on the degradation of IRS-1, suggesting that specific serine phosphorylation sites could be involved in the degradation of IRS-1. Control experiments showed that these hormones were active (not shown). Rapamycin inhibits protein kinase activity in chronic insulin-or okadaic acid-treated cells. To determine whether rapamycin could also inhibit serine/threonine kinase activity responsible for the serine/threonine phosphorylation of IRS-1 in chronic insulin-or okadaic acid-treated cells, lysates were prepared from 3T3-L1 adipocytes pretreated in the presence or absence of rapamycin before incubation with 0.1 µmol/l okadaic acid or 100 nmol/l insulin for 3 h. Lysates were used as sources of kinase to phosphorylate recombinant IRS-1 in an in vitro kinase assay (38) . Figure 5 shows that insulin and okadaic acid treatment significantly enhanced kinase activity for recombinant IRS-1, in agreement with the concept that both agents increased the serine/threonine phosphorylation of IRS-1. Moreover, rapamycin inhibited insulin-or okadaic acid-induced serine/threonine phosphorylation of IRS-1, suggesting the presence of a protein kinase downstream of mTOR that phosphorylated IRS-1 in vivo. In contrast, rapamycin did not inhibit insulininduced tyrosine phosphorylation of IRS-1 (not shown). Proteasome is involved in IRS-1 degradation by insulin and okadaic acid. Insulin-induced IRS-1 degradation can be prevented by pretreatment with lactacystin, a specific inhibitor for proteasome degradation (30) . To investigate whether the mechanism of the okadaic acid-induced IRS-1 degradation was also through a proteasome pathway, cells were pretreated in the presence or absence of the specific proteasome inhibitor lactacystin before chronic insulin or okadaic acid treatment. Figure 6 shows that lactacystin completely blocked IRS-1 degradation induced by insulin or okadaic acid treatment, apparently without changing the mobility shift of the protein. Similar results were found with the specific proteasome inhibitor MG132 (not shown). Orthovanadate partially prevents the degradation of IRS-1. We have found that agents such as wortmannin and rapamycin, which decrease the degradation of IRS-1, also preserve tyrosine phosphorylation of the protein, possibly by inhibiting tyrosine dephosphorylation of specific sites on IRS-1. To test the hypothesis that tyrosine phosphorylation could prevent the degradation of IRS-1, cells were pretreated with orthovanadate, a potent tyrosine phosphatase inhibitor that is known to increase IRS-1 tyrosine phosphorylation (42; D.L.K., C.M.R., unpublished observations) before treatment with insulin or okadaic acid. As shown in Fig. 7A and B, vanadate partially inhibited the degradation of IRS-1 in IRS-1 immunoprecipitations from cells treated with insulin or okadaic acid for 18 h, and the remaining protein was maintained tyrosine phosphorylated. To investigate whether the same concentration of vanadate (causing IRS-1 tyrosine phosphorylation) was efficient to inhibit IRS-1 degradation by insulin and okadaic acid, cells were cultured for 2 h with different concentrations of vanadate before the addition of insulin or okadaic acid. Insulin induced a decrease in IRS-1 protein levels, as described previously, and this effect was efficiently inhibited by 0.2 mmol/l vanadate, which also produced an increase in IRS-1 tyrosine phosphorylation. In addition, okadaic acid induced a strong alteration in the mobility shift 
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of IRS-1 as well as a decrease in protein levels. Vanadate inhibited the mobility shift and the degradation of IRS-1 in a dose-response manner, also increasing tyrosine phosphorylation of the protein. A higher concentration of vanadate was necessary to inhibit okadaic acid-induced IRS-1 degradation, although the tyrosine phosphorylation produced was similar to that induced by a lower concentration of vanadate (0.2 mmol/l) in the presence of insulin.
DISCUSSION
A major negative regulatory role in insulin action is attributed to agents that enhance serine/threonine phosphorylation of IRS-1. Increased serine phosphorylation of IRS-1 has been observed after treatment of cells with activators of PKC, serine/threonine phosphatase inhibitors such as okadaic acid, PDGF, insulin, or angiotensin II or activation of cellular stress pathways by tumor necrosis factor and other cytokines (31, 35, (39) (40) (41) 43) . Increased serine phosphorylation of IRS-1 has been shown to inhibit the ability of this substrate to be tyrosine phosphorylated by the insulin receptor and to bind and activate PI 3-kinase (31, 35) . This finding suggests the existence of converging desensitization mechanisms of IRS-1 that involve serine/threonine phosphorylation of IRS-1. A question still unresolved is how this phosphorylation can affect the degradation of IRS-1.
In this study, we present evidence that serine/threonine phosphorylation of IRS-1 precedes degradation of the protein by hyperinsulinemia and that maintaining the tyrosine phosphorylation of IRS-1 may prevent its degradation. Several lines of evidence from the studies presented here support such a hypothesis: It is known that insulin induces rapid tyrosine phosphorylation of IRS-1, which is followed by a slower increase in its serine/threonine phosphorylation (manifested by reduced mobility) (30, 32) . Insulin-induced activation of serine/threonine kinases occurs more slowly than the immediate activation of the insulin receptor kinase and the tyrosine phosphorylation of the substrate. This slower activation of kinases, which results in dissociation of IRS-1 from the receptor (31), could serve as a reversible negative-feedback control mechanism to turn off insulin signaling. Although it seems that a redundancy of kinases have the common ability to elevate intracellular serine/threonine phosphate content, only very specific serine/threonine phosphorylation sites seem to be involved in the degradation of IRS-1. The primary sequence of IRS-1 contains at least 35 potential sites for serine/threonine phosphorylation by several cytosolic kinases, including protein kinase A, PKC, casein kinase 2, MAPKs, cdc2 kinase, PKB, and GSK3 (2, 44) . The search for kinases has led to the identification of several candidates based on their ability to phosphorylate IRS-1. Our results showed that rapamycin, an inhibitor of mTOR (a serine/threonine kinase downstream of PI 3-kinase), inhibited the mobility shift of IRS-1, inhibited an elevated serine/threonine kinase activity in chronic insulin-or okadaic acid-treated cells, and later inhibited the degradation of the protein. Moreover, preliminary results showed that rapamycin could restore insulin responsiveness after chronic hyperinsulinemia in 3T3-L1 adipocytes. Interestingly, rapamycinand not wortmannin-inhibited the degradation of IRS-1 by okadaic acid. This is in agreement with the finding that okadaic acid did not stimulate PI 3-kinase activity (not shown) but did increase the phosphorylation of p70 S6 kinase, and that this effect was inhibited by rapamycin, suggesting that mTOR or a downstream kinase was involved in the degradation of IRS-1 by both insulin and okadaic acid.
We have also found that wortmannin as well as rapamycin preserves the insulin-induced tyrosine phosphorylation of IRS-1. Other studies have shown that treatment of cells with PI 3-kinase inhibitors increases insulin-like growth factor 1-induced tyrosine phosphorylation of IRS-2 with an increase in the mobility of IRS-2, suggesting that PI 3-kinase mediates or is required for IRS-2 serine/threonine phosphorylation, and that this phosphorylation inhibits IRS-2 tyrosine phosphorylation (45) . Furthermore, it has been shown previously that wortmannin treatment results in preservation of IRS-1 tyrosine phosphorylation (30, 46) .
One interesting observation was that PDGF and endothelin-1 did not have any effect on IRS-1 degradation. PDGF has recently been shown to stimulate phosphorylation of serines 632, 662, and 731 in IRS-1 and to inhibit the ability of insulin to stimulate the subsequent tyrosine phosphorylation of IRS-1 and activation of PI 3-kinase (35) . Although PDGF can activate mTOR, there is a possibility that the downstream kinase responsible for phosphorylating the specific sites that trigger the degradation is not activated by PDGF or is located in a different compartment. In the same manner, PDGF also activates PI 3-kinase activity but is not efficient to induce glucose transport in adipocytes. In addition, endothelin-1 was found to inhibit the insulin-signaling pathway via the MAPK pathway through the serine phosphorylation of serine 612 in IRS-1. Therefore, our results suggest that serine sites involved in downregulation of insulin signaling are not the same as those that trigger the degradation of IRS-1. These results are again in agreement with the hypothesis that MAPKs are not involved in the degradation of IRS-1 but that potential MAPK phosphorylation sites are likely to be important negative regulators of PI 3-kinase activity associated with IRS-1 (40, 41) . In addition, we found that okadaic acid induced the degradation of IRS-1, and recent reports have shown that serine/threonine kinases, which are activated after okadaic acid treatment and are responsible for the increase in IRS-1 serine/threonine phosphorylation, are distinct from the MAPKs (40) . Moreover, a serine/threonine kinase other than MAPK is activated in the chronic insulin-treated cells and insulin-resistant animals (47) .
We have also shown that insulin and okadaic acid increase serine/threonine phosphorylation of IRS-1 and IRS-2 but that only IRS-1 was degraded through a proteasome pathway by these agents, suggesting the presence of specific serine sites
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in IRS-1 responsible for its degradation. Although IRS-2 shares substantial structural homology, as well as biological activity, with IRS-1, there are significant structural differences at the COOH-terminal halves of the two molecules (3); therefore, a serine phosphorylation present in the COOH-terminal region of IRS-1, but absent in IRS-2, may be necessary for its degradation. In addition, a novel elevated serine kinase activity that phosphorylates the 721-859 region of IRS-1 was found in lysates from insulin-resistant animals and cell models (47) . Another possibility can be the differential compartmentalization and trafficking of IRS-1 and IRS-2 that makes IRS-1 more susceptible to degradation (48) .
Vanadate has been demonstrated to improve glucose homeostasis in animal models of type 2 diabetes, and it has been proposed as a potential therapeutic agent for diabetes (49) . In vitro, vanadate mimics many insulin actions, although it has been found that vanadium action may not involve the insulin receptor itself but an enhanced tyrosine phosphorylation of IRS-1 (42) . In this study, we found that pretreatment with vanadate stimulated tyrosine phosphorylation of IRS-1 and prevented its degradation after insulin or okadaic acid treatment. Chronic stimulation with vanadate also promoted the accumulation of intracellular insulin receptors and inhibited the insulin-induced receptor degradation, possibly because tyrosine dephosphorylation may play a role in the regulation of receptor ligand degradation (50) .
IRS-1 serine/threonine phosphorylation may mediate the desensitization of insulin signaling by stimulating the subcellular redistribution of IRS-1 and sensitizing IRS-1 to the action of the proteasome. Serine phosphorylation has been found to be necessary for degradation of many other proteins involved in numerous signaling pathways (51, 52) . It is important to identify the particular phosphorylated serine sites of IRS-1 that trigger the degradation of the protein as well as the kinases responsible for these phosphorylations.
In summary, we can conclude that IRS-1 serine/threonine phosphorylation, through a rapamycin-sensitive pathway, plays an important role in degradation of the protein and that regulation of tyrosine phosphorylation versus serine/threonine phosphorylation may modulate IRS-1 degradation.
